A genetic analysis of Agrobacterium tumefaciens chromosomal functions required for virulence was undertaken. Large Tn5-containing cosmid clones were isolated frokn DNA To better understand the chromosomally encoded functions which are required for attachment and tumor formation, we undertook a genetic analysis of these chromosomal mutants. In this paper we describe the isolation of additional chromosomal mutants and show that all TnS insertions leading to the avirulent, attachment-defective phenotype are clustered within an 11-kb chromosomal virulence region. Additionally, we describe the isolation of a large number of
A genetic analysis of Agrobacterium tumefaciens chromosomal functions required for virulence was undertaken. Large Tn5-containing cosmid clones were isolated frokn DNA of avirulent A. tumefaciens mutants having chromosonal TnS insertions and exhibiting defective attachment to plant cells. The clones from several different mutants each contained overlapping segments of a 30-kilobase A. tumefaciens chromosomal region, which were physically mapped. All chromosomal TnS insertions leading to the avirulent, attachment-defective phenotype were localized within an 11-kilobase portion of this chromosomal virulence region. Transposon Tn3::HoHol (Tn3 containing lacZ) was used to simultaneously mutagenize and create lac fusions within the virulence region. This analysis demonstrated the presence of two distinct chromosomal virulence loci, which were 1.5 and 5 kilobases long; transposon insertions into these loci led to avirulence and defective attachment. The 1-galactosidase activit associated with various Tn3::HoHol-created lac fusions indicated that the loci are transcribed in opposite directions, aid complementation studies suggested that each locus consists of a single transcriptional unit. A cosmid clone of the chroomosomal virulence region containing a iac fusion in the extreme 3' portion of the 5-kilobase locus was used to demonstrate that expression of this region is dependent on the presence of sequences in the 5' portion of the locus, confirming its operon-like nature.
Agrobacterium tumefaciens is a plant pathogen which causes crown gall tumors when it is present on wounded tissue of dicotyledonous plants. Virulent bacteria contain large tumor-inducing (Ti) plasmids which are necessary for tumorigenicity (44, 47) . A portion 'of Ti plasmid DNA is transferred to plant cells during tumor formation and is stably maintained in tumor cells (9, 16, 43, 50, 51) . Ti plasmid DNA genes are transcribed in crown gall cells and encode enzymes for the synthesis of plant growth regulators (19, 40; D. E. Akiyoshi, H. J. Klee, R. M. Amasino, E. W. Nester, and M. P. Gordon, Proc. Natl. Acad. Sci. U.S.A., in press).
Although the mechanism by which A. tumefaciens transfers plasmid DNA into plant cells is unknown, the bacterial genetics of tumorigenesis have been extensively studied. In addition to the Ti plasmid DNA, a 35-kilobase (kb) portion of the Ti plasmid containing the vir genes is required for virulence (21) . These genes are thought to encode functions that are necessary for the transfer of Ti plasmid DNA into plant cells, but are not themselves found in tumor cells. Mutational analysis has shown that A. tumefaciens chromosomal genes are also required for virulence, since TnS insertions in chromosomal DNA can lead to avirulence (14) .
An early step in crown gall tumor formation is the attachment of bacteria to plant cells (24) . Numerous studies have shown that A. tumefaciens attaches to plant tissue culture cells (11, 30, 32, 34) and freshly isolated plant cell suspensions (11) . This attachment is thought to be a prerequisite for Ti plasmid DNA transfer to plant cells. Preinoculation of plant tissue with bacteria which are avirulent but able to attach inhibits tumor formation by subsequently added virulent bacteria, presumably by blockage of attachment sites on the plant cells by the avirulent bacteria (17, 24) .
There is controversy concerning the nature of the bacterial cell surface molecules which participate in the attach-* Corresponding author. ment process. A. tumefaciens lipopolysaccharide has been implicated in this process by its ability to inhibit tumor formation on pinto bean leaves (48) and its ability to block attachment to tobacco tissue culture cells (32) . However, A. tumefaciens lipopolysaccharide has been found not to inhibit tumorigenesis on potato disks (36) . Cellulose fibrils produced by A. tumefaciens have been shown to anchor bacteria to plant cells and to each other during attachment (31) , but do not seem to be involved in the initial attachment of A. tumefaciens to plant cells, since mutants blocked in cellulose fibril synthesis retain virulence and attachment ability (29) .
Most evidence suggests that chromosomally encoded functions are primarily responsible for the attachment ability of A. tumefaciens. Although in some cases Ti plasmids have been found to affect attachment (32) , aviruient strains lacking Ti plasmids have been demonstrated to attach to plant cell walls (24) , tissue culture cells (11; N. Neff and A. Binns, submitted for publication), leaf mesophyll cells (11, 12) , and regenerating protoplasts (28) (11) , providing direct evidence that chromosomally encoded functions are required both for attachment ability and for virulence. These chromosomal genes are distinct from the genes necessary for the synthesis of cellulose fibrils, since the avirulent mutants still produce such fibrils (11) .
To better understand the chromosomally encoded functions which are required for attachment and tumor formation, we undertook a genetic analysis of these chromosomal mutants. In this paper we describe the isolation of additional chromosomal mutants and show that all TnS insertions leading to the avirulent, attachment-defective phenotype are clustered within an 11-kb chromosomal virulence region. Additionally, we describe the isolation of a large number of (8) and grown in MG/L broth (14) or liquid AB medium. The antibiotics used in media for E. coli were tetracycline (10 ,ug/ml), kanamycin (50 ,ug/ml), carbenicillin (50 jigIml), chloramphenicol (50 ,ug/ml), and nalidixic acid (50 j.Lg/ml); the antibiotics used in media for Agrobacterium were kanamycin (100 j.g/ml), carbenicillin (100 jig/ml), gentamicin (100 ,ug/ml), and nalidixic acid (50 , ugIml) .
DNA isolation. Total DNA was prepared by the method of Marmur (27) or by a modification of this method, using 2- (13) or the HindlIl site of pVK102 (22) . Ligated niolecules were packaged in vitro into phage X particles (4) (Fig.1) , ligation into the Sall site of pVK102, and screening Kmr Tcs transformants for the presence of the 3.1-and 6.4-kb Sall fragments of that plasmid. Recombination between pCD148 and a plasmid containing homologous A. tumefaciens DNA without TnS was used to remove the TnS insertion from pCD148 in order to construct pCD523. The 13.4-kb HindIII fragment of pCD521 was recloned into pGA254, a plasmid containing a ColEl replication origin and carbenicillin and tetracycline resistance (G. An, unpublished data). This resulted in the loss of the tetracycline resistance gene from pGA254 and its replacement with the 13.4-kb HindlIl fragment to yield pGA254-Hind 13.4. This plasmid, which was compatible with pCD148, was cotransformed with pCD148 into E. coli MM294, and Cbr Tcr Kmr transformants harboring both plasmids were grown for several generations in liquid broth. Cointegrate plasmids which formed due to a single recombination event between the homologous sequences of A. tumefaciens DNA in the two plasmids were detected by mobilizing plasmid DNA from E. coli MM294 into E. coli C2110, a Nalr polA strain in which ColEl replicons cannot replicate (20) . Nalr transconjugants were selected for the antibiotic resistance properties of both plasmids and were obtained at a frequency of approximately 10-5. Bacteria in which a second recombination event had taken place, resulting in the breakdown of the pCD148::pGA254-Hind 13.4 cointegrates and the loss of TnS, were identified by screening colonies for the loss of kanamycin resistance and were recovered at a frequency of 102. This method yielded pCD523, which was identical to pCD148 except for the loss of TnS. Plasmids pRAR201, pRAR205, and pRAR213 were constructed by BamHI digestion of pCD523 and ligation into the BamHI site of cloning vector pTJS140, inactivating the a-complementation peptide of ,-galactosidase (46) encoded by the vector. Digestion of pCD523 with Sall, ligation into Sall-cleaved pVK102, and screening Kmr Tcs transformants for the 3.1-kb Sall fragment yielded pCD526.
Mapping of genomic TnS insertions. The locations of TnS elements in mutants for which TnS-containing cosmid clones were available were deduced by digestion of purified plasmid DNA with a combination of restriction enzymes, including HindIII and BglII (which cut once in each of the terminal repeats of TnS) and EcoRI and KpnI (which do not cut within TnS), followed by agarose gel electrophoresis. Insertions in mutants for which no cosmid clones were available were mapped by Southern hybridization analysis. Total DNA from the mutants was cut with EcoRI, electrophoresed, blotted, and probed with (i) 32P-labeled ColEl::TnS DNA or (ii) a clone covering most of the 30-kb chromosomal virulence region. The TnS element was localized to a particular EcoRI fragment by (i) the size of the novel EcoRI fragment containing TnS or (ii) the particular wild-type fragment present as a larger TnS-containing fragment. To further map the location of the TnS, total DNA was digested with EcoRI and Hindlll and probed with a subclone of the wild-type EcoRI fragment containing the insertion, and the hybridization pattern was compared with that of similarly treated DNA from the parental strain.
Transposon mutagenesis. Suicide plasmid pJB4JI was used to introduce TnS insertions into the genome of A. tumefaciens as described by Garfinkel and Nester (14) . Kanamycinresistant colonies were screened for virulence on Kalanchoe leaves, and the cellular location (plasmid or chromosome) of the TnS insertion in avirulent isolates was determined by Southern hybridization of plasmid screens as described previously (14) . Mutants containing Tn5 in chromosomal DNA were also tested for virulence on Kalanchoe stems, tobacco (Nicotiana tabacum var. Xanthi), sunflower, and tomato.
Cosmid clones of Agrobacteriurn chromosomal DNA were used to introduce site-specific transposon insertions into the Eco RI Hind III Kpn I Agrobacterium chromosome. Insertions into cosmid clones were generated by using Tn3 and the method of White et al. (49) or by using Tn3: :HoHol, a derivative of Tn3 containing a promoterless lacZ gene and lacking tnpA (S. Stachel and E. Nester, manuscript in preparation). Tn3::HoHol contained on a plasmid with a ColEl replicon (pHoHol) transposes when tnpA is supplied by a helper plasmid (pSShe). Cosmid clones containing Tn3::HoHol insertions were isolated by using a procedure described elsewhere (Stachel and Nester, manuscript in preparation). Plasmid DNAs from E. coli strains containing cosmid clones with transposon insertions were prepared by the rapid screening method of Birnboim and Doly (3). When insertions were present in cloned DNA, the locations of the insertions relative to known restriction sites were determined by using new restriction sites introduced by Tn3 or Tn3::HoHol. Since both BamHI and EcoRI sites are located asymetrically in Tn3::HoHol, digestion with these enzymes also allowed determination of the orientation of this element with respect to the lacZ gene.
Introduction of mutagenized DNA into genomic chromosomal DNA. Cosmid clones containing transposon insertions of interest were introduced into the Agrobacterium chromosome by the marker exchange technique (39) . Merodiploid strains containing individual cosmids with transposon insertions were constructed by using strain A348 (Table 1) . After conjugation of pPHlJI into these strains, transconjugants were plated onto AB media containing gentamicin and either kanamycin (TnS) or carbenicillin (Tn3 and Tn3::HoHol), as described previously (15) . The colonies obtained were purified and tested for virulence and attachment ability.
Southern blot analysis. Marker exchanges were verified by Southern blot analysis of putative recombinants. Total DNA was digested with restriction endonucleases, subjected to agarase gel electrophoresis, and transferred to nitrocellulose filters (Schleicher & Schuell, Inc., Keene, N.H.) by the method of Southern (42) . DNA on the filter was hybridized with nick-translated (26) DNA homologous to the region of the transposon insertions. Marker exchange was assumed to have worked properly when the appropriate wild-type restriction fragment was absent in the mutants and was replaced by new fragments, the sizes of which depended on the location of the transposon insertion. In all cases, the sizes of the new fragments corresponded to the sizes predicted from restriction mapping of the transposon insertions.
Construction of merodiploid strains. To construct merodiploid strains for complementation analysis and marker exchange, broad-host-range plasmids containing Agrobacterium chromosomal DNA were mobilized into Agrobacterium by using the triparental system described by Ditta et al. (10) . Transconjugants were selected on AB media containing antibiotics appropriate for the selection of the plasmid in question. ,B-Galactosidase assays. 1-Galactosidase activity was assayed in Agrobacterium strains containing plasmids with lacZ fusions, as described by Miller (33) . Bacteria were grown in Mg/L liquid media. The bacteria were pelletted, suspended in 500 pll of Z-buffer, mixed with a Vortex mixer with 20 ,ul of 0.05% sodium dodecyl sulfate and 20 ,u1 of CHC13 for 10 s, and incubated for 10 min at 28°C. Then 100 iil of o-nitrophenyl-,-D-galactopyranoside (4 mg/ml) was added, and the 3-galactosidase activity was determined.
Bacterial attachment to plant cells. The ability of Agrobacterium strains to attach to plant cells was tested by using freshly isolated Zinnia leaf mesophyll cells or tobacco suspension culture cells, as described previously (11) .
Virulence assays. Virulence of Agrobacterium strains was assayed on Kalanchoe daigremontiana leaves as described previously (14) . Table 1 .
RESULTS

Isolation of chromosomal TnS insertion
In order to obtain as many independent avirulent chromosomal mutants as possible, the above-described method of mutagenizing the entire A. tumefaciens genome was repeated. A total of 8,000 kanamycin-resistant colonies from filter matings between A. tumefaciens and E. coli 1830(pJB4JI) were screened for virulence on Kalanchoe leaves. From these, 22 avirulent mutants from separate filter matings were obtained. These were tested for the cellular location of TnS by hybridization of 32P-labeled ColEl::TnS DNA to blots of total plasmid DNA fractionated on agarose gels, as described by Garfinkel and Nester (14) . Strains which showed hybridization to linear DNA but not to Ti plasmid DNA contained TnS in the chromosomal DNA. Of the 22 TnS insertion mutants avirulent on Kalanchoe leaves, 8 contained chromosomal TnS insertions. Three of these chromosomal mutants (mutants A2505, A2506, and A2507) (Table 1) were avirulent on all plants tested, and five were virulent on one or more plants other than Kalanchoe. Strains A2505, A2506, and A2507 were tested for their ability to attach to plant cells and were found to have phenotypes similar to those previously described for avirulent chromosomal mutants defective in attachment (11) .
Identification of a chromosomal virulence region. DNA from several Tn5-induced avirulent chromosomal mutants were used to construct a series of cosmid clones. The presence of Tn5 marked the DNA into which it was inserted by virtue of the kanamycin resistance encoded by the element, and cosmid cloning allowed the isolation of large regions of DNA flanking the TnS insertions. By comparing cosmid clones from various mutants we hoped to detect any clustering of insertions from different mutants on the chromosome.
Large fragments of DNA from various mutants, which were generated by partial EcoRI digestion of total DNA and size fractionation on preparative agarose gels, were cloned into the EcoRI site of cosmid vector pLAFR1, and bacteria harboring recombinant plasmids containing fragments with TnS insetions were identified by selection on media containing kanamycin. A comparison of the restriction patterns of clones from different mutants revealed that the clones contained a number of EcoRI fragments in common. Further analysis showed that the cosmid clones isolated represented a series of overlapping DNA fragments spanning a region of the chromosome about 30 kb long, and a physical map of the region was constructed by using several restriction enzymes (Fig. 1) . The identification of this region suggested that the avirulent, attachment-defective phenotype of the chromosomal mutants was due to the inactivation of genes clustered on the Agrobacterium chromosome.
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The location of the Tn5 insertion in each avirulent chromosomal mutant was determined by restriction enzyme analysis, using the restriction sites introduced by TnS. In mutants for which cosmid clones of DNA containing TnS were available, purified plasmid DNA was analyzed; insertions in mutants for which no cosmid clones were available were mapped by Southern hybridization analysis. The locations of the elements were deduced from the sizes of the novel restriction fragments due to TnS insertion and are indicated by strain designation on Fig. 1 (Fig. 1) was determined by Southern blot analysis of strain A2506 DNA digested with EcoRI and HindlIl (which did not cut within the insertion), using the subcloned 3.2-kb EcoRI fragment as a probe (data not shown). The nature of this 2.2-kb insertion is unknown, but it is likely to be an endogenous Agrobacterium IS element (14) .
Genetic linkage between TnS insertions and the mutant phenotype. Genetic linkage between the Tn5 insertion in strain A1045 and the attachment-defective phenotype was previously demonstrated (11) by using the marker exchange technique (39) to correlate acquisition of the TnS insertion with acquisition of the mutant phenotype in a wild-type strain. In order to be certain that the TnS insertions in the additional mutants were linked to the observed phenotypes, similar experiments were carried out by using cosmid DNA containing TnS insertions isolated from strains A1011, A1020, A1038, and A2501 (Fig. 1) (18) . This clone contains a 13.4-kb HindlIl fragment which partially overlaps the chromosomal virulence region ( Fig. 1 and 2 ). Plasmids pCD522 and pCD526, which also span portions of the virulence region (Fig. 2 ), were constructed as described above.
To obtain a clone which spans the entire chromosomal virulence region, we utilized a strategy relying on recombination (see above) to remove the TnS insertion from pCD148, a cosmid clone of the virulence region isolated from strain A1038 (Fig. 1) . The wild-type clone obtained in this manner was designated pCD523 and spans the entire chromosomal virulence region, as defined by TnS insertions (Fig. 2) . It is identical to pCD148 except for the loss of TnS. This method of obtaining a cosmid clone of the desired size proved to be much less laborious than further screening of a clone bank for such a cosmid. In subsequent studies (see below), the same strategy of selecting for cointegrate formation and screening for cointegrate breakdown was successfully used to create a small deletion in a large plasmid. This method seems to be generally applicable to creating specific changes in large plasmids, providing that adequate DNA homology for recombination is present.
Organization of the chromosomal virulence loci. To distinguish distinct loci within the Agrobacterium chromosomal virulence region which are necessary for virulence and efficient attachment to plant cells, we used site-directed mutagenesis of cloned Agrobacterium chromosomal DNA. Over 70 transposon insertions into plasmids pCD521, pCD522, pCD523, and pCD526 were physically mapped by restriction analysis and introduced into the chromosome by homologous recombination.
The results of the transposon mutagenesis are summarized in Fig. 2 . Most insertions were obtained by using Tn3: :HoHol (a Tn3 derivative containing lacZ [Stachel and Nester, manuscript in preparation]); insertions 1 and 2 were obtained by using Tn3. Our analysis showed that there are two clusters of insertions which lead to avirulence; these are separated by large regions of DNA into which transposon insertions have no effect on virulence. The left cluster is about 1.5 kb long and is defined by seven Tn3::HoHol insertions. The Tn5 insertion of strain A2505 is also present in this region. Since the 1.5-kb segment of DNA is not interrupted by insertions giving a wild-type response, it is probable that a single locus is present. The right cluster of insertions extends over 5 kb of DNA and is defined by 17 Tn3::HoHol insertions. In addition, the TnS insertions of seven of the original chromosomal mutants are present here. This cluster contains two insertions (insertions 2 and 116) which give a wild-type virulence response. On the basis of the complementation and deletion studies discussed below, we believe that a single transcriptional unit is present within this right cluster and that insertions 2 and 116 do not define separate genetic loci within this cluster.
Mutants with insertions in both the right and left virulence loci were tested for their ability to attach to plant cells and were found to have attachment-defective properties similar to those previously described for avirulent chromosomal TnS mutants (11) . We named these loci chvA and chvB ( Fig.  2 ) (for chromosomal virulence). Insertions outside chvA and chvB had no detectable effect on virulence, and mutants with such insertions were found to be indistinguishable from the wild-type strain in their attachment ability. Thus, the only insertions in this chromosomal region which affect the ability to attach to plant cells are those which lead to avirulence.
Direction of transcription. The direction of transcription of chvA and chvB was determined by using the 3-galactosidase activity encoded by the lacZ gene within transposon Tn3::HoHol. Significant expression of lacZ from within the transposon is dependent on transcriptional or translational fusions with the gene into which the element is inserted, so that expression is under control of the promoters of the Agrobacterium genes. This expression only occurs if the reading frame of lacZ is in the same orientation as the direction of transcription of the Agrobacterium gene, in which case lacZ is expressed at a relatively high level (in proportion to the activity of the Agrobacterium gene). In the opposite orientation, insertions respect to the lacZ gene was determined by using asymmetrical BamHI and EcoRI restriction sites within the element.
The P-galactosidase activities of merodiploid strains containing plasmid pCD523 or pCD522 with Tn3::HoHol-generated lac fusions in both orientations within and outside the virulence loci were assayed. Figure 3 shows that chvA was transcribed from left to right since only those chvA inserchvA tions with lacZ in that orientation gave high ,-galactosidase activity. The chvB locus appeared to be transcribed from right to left, since only those chvB insertions in which the lacZ gene is oriented from right to left gave significant levels of expression. The In some of these plasmids Tn3: :HoHol insertions were present; the locations of these are indicated by arrows and the number designations of the insertions. Merodiploid mutant strains were tested for virulence on Kalanchoe leaves. A plus sign above a plasmid map indicates complementation (virulence) of the mutant containing a genomic transposon insertion at that location; a minus sign indicates a lack of complementation (avirulence). Our analysis showed that mutants with insertions within chvB can be complemented only by plasmids containing chvB in its entirety. B, BamHI; E, EcoRI, H, HindIll; S, SalI.
(1 to 2 U) than the endogenous 0-galactosidase activity in wild-type Agrobacterium (data not shown). The pattern of P-galactosidase expression from plasmids with Tn3::HoHol insertions outside the defined virulence loci differed sharply from that of insertions within the loci (Fig. 3) . For example, insertions 62 and 4, which were located just outside chvA, and insertion 67, which was located to the right of chvB, had low levels of activity, in contrast to the high activity of adjacent insertions with the same orientations but within the virulence loci (Fig. 3) . The results support the interpretation that the lacZ gene fusions created by Tn3: :HoHol insertions into chromosomal DNA are under the control of specific Agrobacterium promoters and that the P-galactosidase activities associated with them are a measure of the expression of chromosomal genes.
Complementation analysis. From transposon mutagenesis studies, it remained unclear whether the right 5-kb portion of the chromosomal virulence region (chvB) consisted of a single locus or three or more closely linked loci. Although transcription of the entire 5 kb ocurred from right to left (Fig.  3) , two wild-type insertions (insertions 116 and 2) (Fig. 2) were isolated within the 5-kb region. Even with the use of a small clone (pCD526), DNA sequences surrounding insertion 116 were refractory to Tn3::HoHol insertion, making it difficult to characterize this region of DNA by transposon mutagenesis. To determine whether the chvB cluster of genes is organized into a single operon or whether insertions 116 and 2 delineate separate transcriptional units within chvB, we performed genetic complementation studies by using wild-type clones of the chromosomal virulence region and TnS or Tn3: :HoHol insertion mutants. We chose clones which contained sequences spanning the entire chvB cluster or which lacked the right (5') or left (3') portion of chvB. Complementation experiments were performed by mobilizing the broad-host-range plasmids containing cloned DNA into strains with genomic transposon insertions in various locations. The resulting merodiploid strains were tested for virulence on Kalanchoe leaves.
The results of the complementation analysis are summarized in Fig. 4 . Plasmid pRAR205 contains the 2.3-and 6.7-kb BamHI fragments from pCD523 which together span the entire chvB region, whereas pRAR201 and pRAR213 contain the single 2.3-and 6.7-kb fragments covering only the 3' and 5' ends of chvB respectively (Fig. 4) . When introduced into mutants with TnS insertions in chvB, pRAR205 restored virulence in all cases, but pRAR201 was unable to complement the genomic TnS insertion in strain A1011 present in the left portion of chvB (Fig. 4) . Plasmid pCD526, which contains a single 3.1-kb SalI fragment covering a slightly larger portion of this region, was also not able to complement mutants containing genomic transposon insertions in the 3' portion of chvB (Fig. 4) well as the contiguous 6.4-kb SalI fragment encompassing the chvA locus. Although pCD522 was also not able to complement mutants in the 3' portion of chvB, it fully complemented genomic insertions in the chvA locus (Fig. 4) . These results show that complementation of mutants with transposon insertions in chvA and chvB is possible. Although plasmids pCD522, pCD526, and pRAR201 contain DNA sequences spanning the left portion of chvB, including the region in which wild-type insertion 116 is located, they are not able to complement mutants with insertions in this region. This suggests that these plasmids do not contain complete transcriptional units and that sequences further to the right of insertion 116 are required for the trancription of the left portion of chvB. Similarly, pRAR213 and pLS72 (pCD521 with wild-type Tn3::HoHol insertion 72; used to facilitate selection), which span the right portion of chvB and lack only the 3' end of this locus, were not able to complement mutants with transposon insertions in chvB (Fig. 4) . These results show that only plasmids containing chvB in its entirety can complement chvB chromosomal mutants.
Further complementation experiments were performed to confirm that the entire chvB locus behaved as a single operon. Since TnS and Tn3 normally cause poplar mutations (38, 41) , plasmids with insertions within chvB would not be expected to complement mutants with genomic insertions in chvB if the locus contained a single operon. Selected plasmids with Tn3::HoHol insertions were mobilized into mutants with genomic Tn5 insertions to construct a series of merodiploid strains, which were then tested for virulence.
The plasmnids used in constructing these strains were all derived from pCD523, differing only in the locations of transposon insertions. Plasmid pLS20, containing an insertion outside both chvA and chvB, complemented all mutants with TnS insertions in these loci (Fig. 4) , but plasmids pLS39, pLS60, pLS64, pLS12, and pLS32, containing insertions spanning chvB, were not able to complement any TnS chvB mutants (Fig. 4) . However, each of these plasmnids restored virulence to strain A2505, which contained a TnLS insertion in chvA. Plasmid pLS45, which contained an insertion in chvA, failed to complement strain A2505 but restored virulence to all mutants with TnS insertions in chvB (Fig. 4) . Taken together, the complementation data are consistent with the interpretation that chvA and chvB are single transcriptional units. However, since the analyses described above were performed in a rec+ Agrobacterium background, it is possible that apparent complementation could have resulted from recombination events. The fact that apparent complementation was not observed in many cases even when large regions of homology with chromosomal DNA were present on introduced plasmids makes this an unlikely explanation. In some experimnents, the attempted complementation of chvB mutants with an incomplete chvB operon or a chvB operon with transposon insertions allowed a very weak virulence response on Kalanchoe leaves, but this response was clearly different from wild-type virulence and occurred only when the complementing DNA extended >1 kb on both sides of the mutation. These occasional weak responses were assumed to be due to recombinational rescue and were scored as avirulent. If recombination were the cause of virulence in putatively complemented strains, the percentage of bacteria which underwent recombination and thus were both virulent and wild type in attachment ability would be expected to be low, since recombination is an infrequent event. However, the attachment ability of strain A1011 complemented with pRAR20S was identical to that of wild-type strain A348 (Table 2 ). Other mutants complemented with pRAR205 gave similar results (data not shown), suggesting that the strains were homogeneous populations of virulent bacteria with wild-type attachment ability and thus the result of genetic complementation rather than recombination. Deletion of the 5' end of chvB. From the complementation studies described above, it appeared that the chvB locus consisted of a single operon about 5 kb long. Complementation analysis suggested that the expression of genes in the 3' distal portion of the locus depended on the presence of a promoter in the 5' region of the locus. To test this directly, we determined the effect of deletion of about 1 kb of the 5' portion of chvB on the expression of a gene in the 3' end of the locus. The lac fusion caused by Tn3: :HoHol insertion 32 in the extreme 3' end of chv B (Fig. 2) provided a convenient assay for the expression of such a distal gene.
A derivative of plasmid pLS32 (pCD523 with insertion 32 [ Fig. 2] ) containing a deletion of the 5' end of chvB was constructed. B3ecause of the large size of pLS32 and its many restriction sites, it was necessary to first create the deletion in a smaller plasmid and then recombine the deletion into pLS32, relying on a strategy similar to that used to construct pCD523 (Fig. 2) . Plasmid pCD521 contains two PstI sites, one located 1 kb within the 5' end of chvB and the other located 2 kb outside the locus in a region in which insertions had no effect on virulence. Digestion of pCD521 with PstI and religation created a plasmid with a 3-kb deletion, including 1 kb of the 5' end of chvB. This PstI deletion (APst) was subcloned in a BamHI fragment into pUC13 and cotransformed with pLS32 into E. coli MM294. Cointegrate plasmids of pLS32 and pUC13-APst were selected by mobilization into E. coli C2110, in which pUC13 cannot replicate, and selection for the chloramphenicol resistance carried on pUC13. Cointegrate breakdown due to a second recombination event was detected by screening for loss of chloramphenicol resistance in the transconjugants. Among the expected products of this breakdown were derivatives of pLS32 in which the second recombination event took place on the opposite side of the PstI deletion from the recombination event which created the cointerate, leading to the transfer of the PstI deletion to pLS32. Among the chloramphenicol-resistant transconjugents a strain harboring pLS32 with the PstI deletion was found. Restriction analysis indicated that the only change in this plasmid was the loss of the 3-kb PstI fragment including 1 kb of the 5' portion of chvB.
The ,-galactosidase activity of wild-type Agrobacterium sp. strain A348 containing pLS32APst was compared with that of strain A348 containing pLS32 and pLS12, which contains the lacZ gene in an orientation opposite that of transcription of chvB (Table 3) . The level of ,-galactosidase expression from pLS32APst was reduced from about 30 U in the pLS32-containing strain to about 4 U. This level was only slightly higher than the basal level found in strain A348 and was similar to the level of activity expressed by pLS12. Thus, deletion of the 5' end of the chvB locus eliminated the expression of the most distal gene in chvB, supporting the interpre-tation that a single promoter is responsible for the transcription of the entire chvB locus. Tn3::HoHol was used to mutagenize chromosomal genes and simultaneously create lac fusions with the genes, thereby providing a method for the assay of their activity. The expression of the most distal portion of chvB, which was assayed by the f-galactosidase activity of Tn3: :HoHol insertion 32, was abolished by deletion of the 5' end of chvB, demonstrating conclusively that a single promoter controls the activity of the entire locus. Based on the mapping of transposon insertions in the 0.85-kb EcoRI fragment containing the 5' end of chvB (Fig. 2) , this presumptive promoter must lie within a 3.0-to 0.5-kb portion of this fragment, to the left of wild-type insertion 71 (Fig. 2) . Because of its large size, chvB is likely to be an operon containing several genes.
DISCUSSION
Our analysis of lac fusions within the chvA and chvB loci made it possible to investigate the control of the expression of these loci. Preliminary results indicate that both chvA and chvB are expressed constitutively and that this expression is not affected by the presence of plant cells (C. Douglas and C. Thienes, unpublished data).
The defective attachment of the chromosomal mutants implies that they have alterations in their cell surfaces, but the nature of the changes responsible for defective attachment are unknown. Whatever the nature of the cell surface defect(s) in these strains, it is likely that it alters the architecture of the outer membrane of the mutants, since mutants in chvB have been shown to lack flagella, resulting in resistance to two phages (6) . However, the lack of flagella alone has no effect on virulence attachment ability. Although it seems likely that defective attachment due to mutations in chvA and chvB is directly responsible for the virulence of these strains, we cannot exclude the possibility that a cell surface change in the chromosomal mutants pleiotropically affects both attachment ability and other required virulence functions, such as the activity of vir gene products.
A minimum of two chromosomal loci, one of which is an operon large enough to comprise several genes, is necessary for conferring the cell surface characteristics required for virulence. The function(s) of these loci is unknown. They could be involved in the synthesis and export of cell surface polysaccharidde or proteins, processes which often require the functions of many genes (25, 35) .
In 
